Diel variations in the vertical distribution of copepods were studied in the north coast of Spain and related to the physical and biological structure of the water column. Zooplankton samples were taken at three different stations during a 24 h period, in the proximity of a drogue buoy using a Longhurst Hardy Plankton Recorder (LHPR) sampling net, so that it is assumed that the same water mass was sampled continuously. Physical and other biological parameters were monitored by Conductivity Temperature Depth Recorder (CTD) profiles and vertical Undulating Oceanographic Recorder (UNDULATOR) dips for temperature, salinity, and chlorophyll a. Copepods were counted and classified into seven categories according to their size, and their distribution in the vertical plane was analysed using univariate and multivariate statistical techniques.
Introduction
In the pelagic ecosystem, the importance of microzooplankton, particularly the copepod component, as the principal trophic link between primary production and higher trophic levels, especially fish larvae, remains as a central motivation for studying its abundance and distribution (Lasker, 1978; Runge, 1988; Bailey and Houde, 1989) . Our perceptions of changes in planktonic populations vary at different spatial-temporal scales, and the best approaches to determine the abundance and distribution relationships between successive trophic levels have been found when studying short-term and diel changes in the vertical plane.
Because vertical gradients of light, temperature, and food concentration are predictable, the structure of all plankton communities is best considered in the vertical plane (Longhurst, 1981 (Longhurst, , 1985 Harris, 1987) . There is strong evidence that consistent relationships exist between zooplankton and other physical and biological variables e.g. maximum zooplankton biomass is generally at the depth of the chlorophyll maximum, or at the depth of maximum primary production (Hobson and Lorenzen, 1972; Ortner et al., 1980; Herman, 1983 Herman, , 1989 Roman et al., 1986) . Diel changes in the environment are also predictable and many zooplankters have developed regular and consistent patterns in their movements in the water column that indicate a function for such behaviour in the planktonic ecosystem (Williams et al., 1987; Harris, 1988; Ohman, 1990) .
These observations suggest that the vertical axis is more important in the ecology of zooplankton than the horizontal axis. However, there are still difficulties in associating features in vertical abundance and distribution between planktonic communities, and it has been pointed out that understanding and knowledge of shortterm and diel variability of vertical distribution of the zooplankton system are essential to estimate the interrelationships of planktonic populations (Longhurst and Williams, 1979; Longhurst, 1981; Legendre and Demers, 1984) .
In this study we analyse the significant features in vertical distributions and diel behaviour of copepod populations, as well as the relationship between vertical abundance of copepods and sardine larvae at three sites sampled off the North Coast of Spain where sardine larvae were abundant. As part of the same cruise, studies on the particulate assemblages, distribution of the sardine larvae, and larval feeding have been published elsewhere (García-Soto et al., 1991; Robins et al., 1991; López-Jamar et al., 1991; Conway et al., 1991) .
Materials and methods
Cruise ECOSARP-491 was carried out aboard the B/O ''Cornide de Saavedra'' from 17 April-12 May 1991, off the north coast of Spain. The survey grid was divided into three areas: (1) from Santander to Cape Estaca de Bares, (2) from Cape Estaca de Bares to Vigo, and (3) from Santander to the boundary with French territorial waters. In each area a preliminary bongo net survey was carried out to establish sardine larval abundance. Where abundance was highest, positions for three 24 hour stations were chosen (Fig. 1) .
Sampling to determine the diel vertical distribution of microzooplankton was carried out at the three stations using a modified version of the Longhurst Hardy Plankton Recorder (LHPR; Pipe et al., 1981; Williams et al., 1983) . The double LHPR, used in the present study, consisted of a fine net (53 m mesh aperture) for microzooplankton and a coarse net (200 m mesh aperture) for mesozooplankton, including sardine larvae. Each net was attached to a cod-end unit which took a series of sequential samples with a depth resolution better than 5 m. Samples were collected in oblique tows at 2-3 knots. During the haul, the sample depth and flow rates of the net system were monitored and logged to an on-board PC, communicating via a cored cable separated from the towing cable.
In order to sample the same water mass, a drogued drifting buoy was released at the initial station position and followed over the 24 h period. LHPR hauls were taken at different times to give a day/night series at each site (Table 1) . On board, the plankton samples were washed off the filtering gauzes and preserved in 4% buffered formaldehyde solution for subsequent analysis in the laboratory.
Zooplankton >53 m were counted and classified into 3 main groups: copepods, copepodites, nauplii and eggs. The copepods were further classified into five different size classes according to their cephalothorax length (<0.45; 0.45-0.70; 0.70-0.95; 0.95-1.20 and 1.20 mm for classes C1, C2, C3, C4, and C5, respectively). The size of nauplii was <0.45 mm, and the size of eggs <0.15 mm. Numbers of sardine larvae were also counted in each coarse net sample. Results were converted to standardized plots of vertical distribution profiles.
Sea temperature was measured for each sample by sensors on the LHPR. Water for chlorophyll a was sampled at three standard depths with a 3 l Niskin bottle. Additionally, physical and other biological parameters were monitored by CTD profiles and vertical UNDULATOR dips for temperature, salinity, and chlorophyll a.
Univariate statistical analyses were used to identify any differences in abundance between stations, comparing time, sizes, and depths. For delimiting groups of similar distribution, a cluster analysis was carried out at the three sites using the Bray-Curtis similarity index. Non-metric multi-dimensional scaling (MDS) was also used for delimiting time and depth distributions, as described by Field et al. (1982) and Clarke and Green (1988) .
Results

Hydrography and chlorophyll distribution
During the first part of the cruise (17-23 April), moderate winds blowing from the north-east resulted in drifting of the buoys to the west at Stn 1 and Stn 2 displacing them by 6 and 2.8 in longitude, respectively (Table 1 , Fig. 1 ). From 24 April-12 May, the winds shifted to the south-south-west and increased in strength, resulting in the buoy drifting 14 in longitude to the east at Stn 3. Sea water temperature was vertically very regular at the three stations and ranged from values of 11.95 C (Stn 1) to 12.27 C (Stn 2 and Stn 3) ( Table 1) . Salinity was higher at Stn 2 (35.70 PSU) than at Stn 1 (35.65 PSU) and Stn 3 (35.20 PSU). However, as differences were small, we assume that the physical characteristics of the water masses were the same.
Chlorophyll a distributions ( Fig. 2 ) were similar at Stn 1 and Stn 2. At both stations an intense subsurface chlorophyll maximum was observed, a feature that 
Zooplankton abundance and composition
Adult copepods and their developmental stages accounted for more than 90% of the zooplankton (>53 m) community. Twenty-one species of adult copepods were identified. Paracalanus parvus, Pseudocalanus Vertical distribution of copepods and developmental stages At Stn 1, in all the 68 individual samples, the bulk of the population was composed of nauplii and C1, C2, and C3 copepods, never less than 75% of the total number of copepod development stages. In the late morning haul (1000), the maximum number of organisms were concentrated at 5 and 50 m depth, and nauplii and smaller stages of copepods were the more abundant (Fig. 3) . In the afternoon haul (1730) the distribution was concentrated over a slightly narrower range, around 15-30 m and, again, the smaller stages of copepods and nauplii formed the bulk of the population. During the night haul (0330) the larger stages of copepods migrated to the upper layers. The highest concentration of all stages was at 20 m depth, where the nauplii represented up to 62% of the total.
At Stn 2 the diel distributions were similar to that at Stn 1, and large stages of copepods also showed nocturnal migrations (Fig. 4) . The overall zooplankton abundance was lower than at Stn 1, especially during the afternoon (1800) and night (0408). The bulk of the population was again composed of nauplii (51%) and copepods C1 and C2 formed the bulk of the population, being 86% of the total. The maximum number of individuals were above 40 m for all the groups. In the afternoon haul all the groups migrated upwards to the 20-25 m layer. During the night the majority of the groups moved upward to the surface although other peaks were present.
At Stn 3, in contrast to the other two stations, the larger copepods and copepodites were more abundant than nauplii and together they contributed 59% of the total population. At this station the highest abundance was observed in late afternoon (1500), and the vertical distribution of abundance showed many peaks throughout the water column (Fig. 5) . The lowest abundance appeared at sunset (1940) and early night (2240) with irregularly distributed peaks. Among these hauls the largest variation in zooplankton abundance was seen, and the distribution of the population in the water column did not show a well defined pattern. Only the nauplii seemed to make significant but irregular vertical movements.
In general, the vertical distribution of microzooplankton followed a similar pattern to that of chlorophyll a. At Stn 1 and Stn 2, the copepods, irrespective of time of day, were concentrated in the upper layers of the water column in the highest concentrations, close to the subsurface chlorophyll maximum. In contrast, at Stn 3 where the chlorophyll was evenly distributed vertically and values were much lower than at the other stations, the copepods did not show the same aggregations.
Cluster analysis from each station, based on zooplankton abundances at each depth sampled, shows high affinities between size groups (Fig. 6) . Each linkage includes size classes that represent consecutive developmental stages, showing that the cluster has a clear biological significance. At a similarity level of 75%, the three 24 h stations are divided into two groups. In the first, classes C1, C2 (Stn 2), and C3 (Stn 1 and Stn 3) appear together with the nauplii (N). In the second group, the association includes large copepods and copepodites of classes C4 and C5. Copepod eggs do not show a high affinity for any of the groups and they appear with C2 and C3 at Stn 1 but with C4 and C5 at Stn 2 and Stn 3.
These results suggest that the classes with a smaller body size, such as N, C1, C2, and C3, exhibit a similar behaviour pattern with respect to their position and movements in the water column. The same trend is observed between C4 and C5 but the reason for this behaviour of those two groups may be unrelated.
The depth clustering analysis (not figured) showed the concentration of the bulk of the copepod stages to be in the upper 50 m. Differences in depth abundance were also evidenced by another ordination technique, the Multi Dimensional Scale (MDS). When depth-time abundance was plotted against sardine abundance, it was noted that copepod and sardine abundance are related in both depth and day/night distribution.
Maximum numbers of organisms appeared during the night in layers 35, 30, and 25 m in depth. This relationship is particularly evident at Stn 1 where multiple correlation coefficient between the sardine larvae and nauplii was 0.8539, and with the copepods, 0.6573 (both at the depth of maximum abundances, 30 m). No correlation was found at the other two stations.
Discussion
As in other temperate seas, the area studied is very rich in copepod species. For example 81 species have been identified off La Coruñ a (Valdés, 1993) and 95 off Asturias (Cabal, 1993) . When the zooplankton species diversity is very rich and the number of samples to analyse is high, analysis by species is not always practical, and an appropriate level of analysis with biological significance was adopted. To study copepod vertical distributions, the use of body size, as employed in the present study, is advocated as an appropriate ataxonomic system on the basis that the size classes are related to the structure of the pelagic community. Additionally, body size reflects ecophysiological species features and it will thus largely determine ecological behaviour.
The physical characteristics of the water column were similar at the three stations studied and only light and chlorophyll vertical gradients gave a physical and biological structure that could cause modifications in the vertical distribution of the copepod stages. The clearest relationship was between the vertical distribution of the copepods and the vertical structuring of the chlorophyll. Longhurst (1985) pointed out the need for a stable vertical structure to provide predictable environmental gradients and discontinuities. The coupling between vertical distribution of zooplankton and the sub-surface chlorophyll maximum, or with the depth of primary production maximum, is well documented (Hobson and Lorenzen, 1972; Ortner et al., 1980; Herman, 1983 Herman, , 1989 etc.) . Harris (1988) observed that this feature is characteristic of zooplankton distribution in areas of the continental shelf where a seasonal thermocline develops. However, the vertical distribution of the copepods obtained here suggest that their distribution is mainly determined by food concentration, even in those situations where significant thermal stratification is absent. Eggs and nauplii were found at all depths, indicating that spawning and hatching occurred throughout the water column. The smaller fractions (C1, C2, and C3), corresponding to medium size copepods and copepodites, accumulated around the sub-surface chlorophyll maximum layers, while C4 and C5 appeared to be more dispersed through the water column. Differences in vertical distribution of adult copepods and developmental stages have been shown in several species, including Pleuromamma robusta, Calanus finmarchicus, Calanus helgolandicus, and Calanoides carinatus (Longhurst and Williams, 1979; Williams et al., 1987; Verheye and Field, 1992) . The existence of an ontogenetic component in the position and movements of the copepods in the water column has also been noted, and related to demographic benefits and survival rate of the species (McLaren, 1974; Huntley and Brooks, 1982; Williams et al., 1987; Ohman, 1990) . In the present study, we do not consider the species individually, but in all the stations an ontogenetic aggregation was observed, even at Stn 3 where a sub-surface chlorophyll maximum was not developed (Fig. 6) . A diel migration of the copepods was also noted. Nocturnal upward movements of the smaller fractions were observed, especially at Stn 1 and Stn 2. At both stations, these migrations were closely related to the diel vertical distribution of sardine larvae, which start their migrations in the late afternoon and reach their maximum abundance during night, near the surface (Lago, pers. com.). Sardine larvae mainly feed on the smaller developmental stages of copepods, mainly nauplii and eggs (Lebour, 1920 (Lebour, , 1921 Last, 1980; Conway et al., 1991) and the availability of suitable food during development is considered to be one of the main determinants of larval fish survival (Bailey and Houde, 1989) . The bulk of the community studied was mainly composed of nauplii and the smaller copepodites. When depth-time abundance was plotted against sardine abundance, it was noted that copepod and sardine abundance were related in both depth and day/night distribution.
While factors such as light intensity and temperature are important, vertical migration of zooplankton is primarily determined by a compromise between predator avoidance and foraging opportunities (Dodson, 1990) . Physiological experiments (Lampert, 1989) support the hypothesis that zooplankters migrate only if they are not severely food limited. This agrees with our observations since we only observed significant migrations at Stn 1 and Stn 2, where chlorophyll concentrations reached 5.5 g l 1 . At Stn 3, where the chlorophyll concentrations was less than 2 g l 1 , only irregular vertical movements were observed in the nauplii. The results do not give any evidence for associating patterns of vertical migration and predation avoidance in copepods; nevertheless, it is necessary to consider that avoidance reactions to predators are a specific behaviour of each species so that this relationship will only become evident if the study is done on individual species.
The coefficient of variation in total abundance within hauls at each station gave values of 33.29%, 40.74%, and 32.5% at Stn 1, Stn 2, and Stn 3, respectively. This variability is partially explained by differences in the vertical patterns discussed above, but also because of the difficulty in sampling the same water mass within a 24 h period. The hauls carried out over this period were done by following the drift buoy over the superficial water mass, which is the best sampling method to make allowances for water movement. However, in this Lagrangian design we have considered uniform displacement of the total water column, when in reality only the Ekman layer is influenced by wind, and movements in deeper layers are too complex to be deduced from the drift of the buoy. Other movements may exist between different layers, which makes it difficult to discern vertical population movements from those changes derived from the lateral advection of new populations. Nevertheless, at Stn 1 and Stn 2, the buoy displacement was very short and only at Stn 3 did the long displacement suggest that horizontal transport was important in the deeper layers. 
